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Abstract 
Biodiversity is important to ecosystem function at many scales, and variation 
functional traits within a species can potentially influence ecosystem functioning by altering 
nutrient cycling dynamics. High population extinction rates are resulting in a rapid loss of 
within-species biodiversity, so there is a need to better understand the importance of intraspecific 
variation to ecosystem-level processes. Tidal salt marshes are ideal ecosystems for investigating 
intraspecific variation in plant-nutrient relationships because they are dominated by a 
monoculture of the foundation species Spartina alterniflora, with distinct phenotypes that 
correspond to environmental gradients across the marsh. We conducted a field survey of existing 
phenotypic variation and biogeochemical characteristics in three salt marshes in South Carolina, 
USA, and used path analysis to model relationships among plant traits and nutrient dynamics. 
Leaf %N and C:N were important predictors of nitrogen and carbon cycling dynamics 
respectively. There were strong effects of site on soil variables, but plant traits responded most to 
tidal position within the marsh, indicating a potential decoupling of plant-soil feedbacks which 
are often tightly linked. Overall, variation in plant tissue chemistry does play a role in nutrient 
cycling, but other feedbacks may be broken down or obscured by hydrologic drivers in this 
highly dynamic ecosystem. 
1 
 
 
 
 
Introduction 
Altered rates of ecosystem nutrient cycling have led to some of the challenges facing 
many of today’s ecosystems, including eutrophication from excess nitrogen (N) pollution 
(Erisman et al. 2013), and rising global temperatures from accelerated rates of anthropogenic 
carbon (C) mineralization. Understanding the factors that influence the storage and turnover 
dynamics of C and nutrients in ecosystems is critical to understanding the mechanisms by which 
global change can occur, and to predicting potential outcomes and feedbacks from accelerated 
rates of nutrient cycling. Ecosystem functioning, defined as “the flow of energy and materials 
through the arrangement of biotic and abiotic components of an ecosystem” (Díaz and Cabido 
2001), encompasses all of the processes and interactions within an ecosystem that move and 
transform chemical elements; and nutrient cycling is a crucial ecosystem function by which 
biologically essential resources are moved and transformed within and among ecosystems. 
Through phenotypic traits, plants shape nutrient dynamics and mediate the transformation 
and movement of essential resources (Diaz et al. 2004, Ellison et al. 2005, Orwin et al. 2010, 
Donovan et al. 2014). One of the classic studies linking plant functional traits to nutrient cycling 
dynamics showed that higher leaf N in several hardwood tree species resulted in more rapid litter 
decomposition, and higher leaf lignin resulted in slower decomposition (Melillo et al. 1982). 
This study demonstrated how leaf chemical phenotype mediates the rate of nutrient and C 
turnover, thus influencing the resources available to soil microbes and eventually back to the 
plant community. Plant-soil interactions are not unidirectional, however, and nutrient turnover 
and availability also affect plant traits. For example, salt marsh smooth cordgrass (Spartina 
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alterniflora) responds to N enrichment by increased traits such as height, biomass, and stem 
diameter (Valiela et al. 1978). More recent studies have also demonstrated the relationships 
between plant traits and nutrient turnover, including positive correlations of specific root length 
with decomposition in herbaceous plants (reviewed in Donovan et al. 2014) and negative 
correlations of leaf mass per unit area (LMA) with decomposition rate in both green leaves and 
leaf litter (Cornwell et al. 2008). 
However, many of the studies that describe plant phenotype effects on ecosystem 
function rely on trait contrasts among different plant species (e.g. Melillo et al. 1982; Hobbie 
2008). This method introduces a potential hidden “species effect” resulting from using multiple 
species to obtain a desirable range of trait variation, because plant species often differ from one 
another in more ways than just the trait of interest (Perakis et al. 2012). Focusing instead on 
intraspecific variation can help to elucidate the effects of particular traits, without those effects 
being confounded by other species-level trait differences. Furthermore, within-species variation 
can sometimes be as large as between species variation (Hughes et al. 2008), and in cases of 
large intraspecific variation in functional traits, these trait differences may have effects on 
ecosystem-scale processes. Some traits that have been identified as highly variable within 
species are leaf C and N concentrations in Rhododendron ferrugineum (Albert et al. 2010), leaf 
lignin in Metrosideros polymorpha (Treseder and Vitousek 2001), and leaf phosphorous 
concentration in Alnus glutinosa (Lecerf and Chauvet 2008). Because of this potential for high 
intraspecific variation in traits that can affect nutrient cycling, we examine the relationships 
between plant functional traits and nutrient dynamics across a gradient in traits of Spartina 
alterniflora, salt marsh smooth cordgrass which has a great deal of phenotypic variation and 
spans a wide range of environmental conditions (Richards et al. 2005).  
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Tidal salt marshes are useful ecosystems for investigating plant-nutrient relationships in a 
single species for several reasons. Salt marshes are influential players in the biogeochemical 
processes of the coastal ecosystem network through tidal import and export of organic matter and 
nutrients (Valiela and Cole 2002), and have high capacity for sequestering C in long-term 
storage (Chmura et al. 2003). These characteristics make tidal marshes important systems to 
global nutrient cycling dynamics, particularly as sinks for atmospheric C and for excess N 
pollution from terrestrial sources (Barbier et al. 2011). Additionally, various species of salt 
marsh plants influence nutrient turnover by several mechanisms, including converting mineral 
sediment N to organic surface N (Hopkinson and Schubauer 1984), increasing rates of soil 
microbial C mineralization (Gribsholt and Kristensen 2002), altering porewater redox potential 
through root-induced oxidation (Moffett and Gorelick 2016), and regulating the accumulation of 
labile soil organic matter (Lewis et al. 2014). On the eastern coast of North America, lower 
intertidal salt marshes are often dominated by a natural monoculture of the foundation species 
Spartina alterniflora (Bertness and Ellison 1987, Richards et al. 2005), which has been identified 
as an ecosystem engineering species that modifies coastal areas by sediment stabilization and 
reduction of water velocity (Bruno 2000). These plants play many regulatory roles in the 
functioning of marsh ecosystems by cycling available forms of C and nutrients into soil 
microbial food webs, oxygenating marsh soils, altering soil temperature, and influencing light 
penetration (Seliskar et al. 2002).   
Tidal salt marshes often display strong spatial gradients, most notably in salinity and 
inundation from tides, and evidence suggests these gradients play a role in structuring salt marsh 
plant communities (Bertness and Ellison 1987, Pennings and Callaway 1992, Pennings and 
Bertness 2001). Spartina alterniflora exhibits marked phenotypic differences between low and 
4 
 
high marsh zones, with plants in the low marsh near creek banks being much taller and more 
robust than the shorter individuals in the more saline high marsh (Pennings and Bertness 2001, 
Richards et al. 2005). In addition to height, this species displays extensive phenotypic variation 
in traits like stem diameter, leaf number, and leaf length, which co-vary with environmental 
variables including salinity, soil water content, and soil organic matter (Richards et al. 2005). 
Through functional traits like these, S. alterniflora might mediate the amount and lability of 
resource inputs to the soil in the form of organic matter from leaf litter and root exudates, as well 
as resource loss from tidal export, and influence the rate of mineralization and sequestration of 
nutrients. Several potential drivers of the phenotypic differences between high- and low-marsh S. 
alterniflora zones, described above, have been studied, and no one mechanism is agreed upon. 
Some evidence suggests genetic differentiation between short and tall growth forms (Stalter and 
Batson 1969), and other studies show no genetic structure with habitat (Richards et al. 2004, 
Foust et al. 2016). Spartina alterniflora has high levels of genetic variation within and among 
populations (Richards et al. 2004, Hughes and Lotterhos 2014, Foust et al. 2016), and phenotypic 
response to the highly dynamic environmental conditions along these gradients does not seem to 
be correlated with genetic differences (Richards et al. 2004, Foust et al. 2016). The absence of a 
strong relationship between genetic variation and phenotype suggests that phenotype may be 
structured more directly by local conditions such as soil properties rather than through genetic 
differentiation by habitat type.  
Phenotypic variation within S. alterniflora across environmental gradients provides an 
ideal opportunity to assess the reciprocal relationship between functional trait variation and 
ecosystem processes, while avoiding the confounding effects of multiple species. Although the 
presence of salt marsh vegetation has been linked to ecosystem functional characteristics such as 
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increased soil C mineralization rate (Gribsholt and Kristensen 2002), few studies have directly 
linked specific traits of S. alterniflora to nutrient availability and turnover (but see Seliskar et al. 
2002). The research question motivating this study is: what are the associations between 
functional traits in plant populations and the storage and availability in soil of biologically 
important nutrients? And within that larger question, what specific functional traits of S. 
alterniflora are linked to the pools of biogeochemical resources in salt marsh soils? Based on the 
rich literature base that links plant traits and biogeochemical attributes, we expect that while 
plant phenotype will be influenced by local environmental conditions, plants can also affect soil 
properties and nutrient availability via variation in their functional traits. A model for the 
interrelatedness of plant phenotype, soil characteristics, and environmental drivers in a salt marsh 
system is illustrated in Figure 1. Plant traits such as height and leaf chemistry, are influenced by 
available nutrients (Koerselman and Meuleman 1996, Levine et al. 1998), and phenotype can 
also feed back and influence nutrient conditions via inputs of organic matter from leaf detritus 
and roots (Figure 1). This relationship is further complicated by tidal position, which can affect 
phenotype independently of soil characteristics, and soil dynamics independent of plant 
phenotype, through inundation time and salinity.  
We expected to find three specific relationships of plant traits to nutrient dynamics: first, 
plant biomass and tissue C:N would positively correlate with measures of C storage in the soil, 
because more plant biomass may translate into greater inputs of organic matter to the soil, and 
higher ratio of tissue structural compounds to nutrients (e.g. C:N) reduces decomposition rate 
(Taylor et al. 1989, Ferreira et al. 2016). Second, soil mineral nutrients would be positively 
related to plant height and biomass through tight soil-plant feedbacks; the mineralization of large 
litter inputs from high plant biomass yields abundant mineral N which in turn promotes rapid 
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plant growth. Third, plant tissue C:N would negatively correlate with the mineralization of C and 
N and soil microbial biomass, because high litter C:N tends to reduce decomposition by 
negatively influencing microbial activity (Zhang and Zak 1995). However, conditions unique to 
salt marshes may alter expected nutrient dynamics due to interactions of salinity and anoxia with 
uptake dynamics. For example, high salinity and anoxic conditions are associated with reduced 
availability and uptake of NH4
+ 
by S. alterniflora (Morris 1984), which may result in a 
decoupling of NH4
+ 
concentration from plant height and leaf number measures because actual 
nutrient uptake rate may not reflect the amount of available N. 
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Methods 
Site description 
 We conducted this study at three salt marsh field sites near Charleston, South Carolina, 
USA: Fort Johnson (N 32.74910; W 79.89822), Folly Beach (N 32.64436; W 79.96564), and 
Bowens Island (N 32.68027; W 79.95389, Figure 2). Mean tidal range at these sites is between 
1.59 m and 1.65 m (NOAA 2013). The salt marshes within each site were typical of those in the 
south-eastern United States, with Spartina alterniflora as the dominant intertidal plant species 
(Pennings and Bertness 2001), which occurs in a wide range of salinity and soil conditions 
(Richards et al. 2005). We defined each site as a distinct population that consists of potentially 
interbreeding individuals. The low marsh zone occurred near tidal creek banks, was tidally 
inundated daily, and was characterized by the tall form of S. alterniflora (mean height of 131 
cm). The high marsh zone flooded less frequently, had higher soil salinity, and was dominated by 
the short form of S. alterniflora (mean height of 53 cm).  
Field sampling 
 Our sampling scheme allowed for the examination of variation in soil characteristics at 
the spatial scales of population and habitat-level within populations. In coordination with a 
companion study on the genomics and endosymbionts of S. alterniflora, we were able to 
examine correlation of variation in soil parameters to variation in plant traits (Hughes et al. 
unpub.) across habitats at the three sites (Figure 2). Within each site, we laid out two 50 meter 
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transects parallel to the tidal creek or shoreline, one in the high marsh (short Spartina zone) and 
the other in the low marsh (tall Spartina zone). Along each transect, we randomly placed ten 0.5 
m
2 
quadrats and haphazardly selected five individual plants within each quadrat for a total of 300 
individual plants. For each of the five individual plants per quadrat we measured stem height and 
leaf number, collected leaf samples that were kept on ice in the field and stored at -20
o
C for 
elemental analysis, and counted the density of marsh periwinkle, Littoraria irrorata, within a 
0.25 m
2
 quadrat within the center of each larger quadrat.  
We measured in situ soil respiration rates at most quadrats using an EGM-4 infrared gas 
analyzer (IRGA) to determine CO2 efflux over a 2 minute period. We also characterized in situ 
redox potential of the soil using a Thermo Scientific Orion Star
TM
 A321 pH meter in at least 4 
quadrats across each transect. We collected these data during daylight hours at low tide for all of 
the sites to keep the soil conditions due to tidal influence as similar as possible. For nutrient 
analyses, we collected two soil samples in each quadrat using a spade, which were combined for 
one composite sample per quadrat. In quadrats with sufficient soil water, we also collected 
porewater samples from the holes left by the soil sampling using a bulb syringe. In quadrats 
without enough soil water for this sampling technique, we extracted pore water from field moist 
soil subsamples in the lab using a centrifuge (7000-10000 rpm for 15-20 minutes). We stored the 
field soil and water samples on ice for transport back to the lab, until the extractions were started. 
Plant tissue analysis 
 For plant tissue chemical analysis, we dried subsamples of frozen leaf tissue at 60
o
C and 
homogenized in a Retsch MM400 mixer mill. Samples were sent to the Northern Arizona 
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University Colorado Plateau Stable Isotope Laboratory (CPSIL) for analysis of %C, %N, and 
C:N using a Costech ECS 4010 elemental analyzer. 
Soil biogeochemistry analyses 
On subsamples of field moist soil from each of the 60 quadrats, we performed K2SO4 
extractions for extractable organic C and extractable total N both before and after five days of 
chloroform fumigation. The difference between the pre-fumigation and post-fumigation 
extraction concentrations is microbial biomass C and N (Brookes et al. 1985). We used 
approximately 25g of moist soil and 50 mL of K2SO4 for the extractions, which we performed in 
plastic bottles and filtered into 50 mL Corningware tubes with Fisher G6 (1.6 μm pore size) glass 
fiber filters. We determined soil moisture content by drying field moist subsamples in an oven at 
60
o
C until mass remained constant. 
We measured soil organic matter (SOM) by mass loss on ignition (LOI) of oven-dried 
soil subsamples when combusted in a muffle furnace for 4 hours at 550
o
C. We determined water 
holding capacity (WHC) of the soil by the mass of water that could be held under gravity, 
normalized per unit mass of dry soil. To determine WHC, we wet-sieved subsamples of soil 
through a 2 mm sieve, and allowed the soil to remain in excess water overnight. We then gravity 
filtered the soil slurry through Whatman filter paper # 2 (8 μm pore size), covered with 
aluminum foil to ensure 100% humidity, and allowed to drain overnight. We measured the 
moisture content of the soil recovered from the filter in the same manner as discussed above. 
Halfway through the drying process we ground the soil in a mortar and pestle to break up clods 
and ensure complete drying. We combusted those same oven-dried subsamples in a muffle 
furnace for 4 hours at 550
o
C to determine SOM < 2mm. 
10 
 
We measured soil particle size fractions and particulate organic matter (POM) by a 
modified LOI protocol from (Kettler et al. 2001). We dispersed 10g of air-dried soil < 2mm with 
30mL 0.5% sodium hexametaphosphate by shaking overnight, sieved the slurry through a 0.053 
mm sieve, and recovered the sand fraction (larger than 0.053 mm). We dried the sand fraction at 
55
o
C to constant weight and combusted at 550
o
C for 4 hours in a muffle furnace to determine 
POM. 
We measured nitrate and ammonium concentrations of soil extractions and field 
porewater samples colorimetrically on an Epoch Biotek spectrophotometric microplate reader, 
using vanadium(III) chloride for the nitrate color change reaction (Doane and Horwath 2003), 
and salicylate nitroprusside for ammonium. We measured total dissolved organic C and total 
dissolved N from the field porewater samples and soil extractions (pre and post-choloroform 
fumigation) for microbial C and N, using a Skalar Formacs
SERIES
 TOC/TN analyzer.  
We also conducted a 7 day laboratory incubation of air-dried soil subsamples at 
1.5xWHC to assess net potentially mineralizable N and potentially mineralizable C. We 
performed pre- and post-incubation K2SO4 extraction of air-dried soil subsamples for initial and 
final nitrate and ammonium concentrations, which we analyzed for mineral N using the 
colorimetric spectrophotometry method mentioned above. We also incubated a 10 g subsample 
of air-dried soil from each quadrat at 1.5*WHC in sealed mason jars for 7 days, measuring initial 
and final CO2 concentrations using an EGM-4 infrared gas analyzer (IRGA) to determine relative 
amount of potentially mineralizable C.  
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Data analysis 
All statistical analyses were run in R 3.1.3 (R Core Team 2015). To evaluate the effects 
of site and marsh zone on each of the measured variables, we conducted Mann-Whitney-
Wilcoxon tests on each plant and soil variable by zone and Kruskal-Wallis rank sum tests by site. 
We chose these non-parametric tests because many of the measured variables were not normally 
distributed. The Mann-Whitney-Wilcoxon test is similar to a t-test and compares medians of two 
groups, while Kruskal-Wallis is similar to a one-way ANOVA with three or more groups. 
We examined the relationship between a composite phenotypic variation variable and a 
composite soil characteristics variable using principal components analysis (PCA). We imputed 
missing data for PCA with the aregImpute function in the Hmisc package. We then ran a PCA on 
plant phenotype variables (Hughes et al. unpub): average stem height of the five measured 
individuals per quadrat, average number of leaves, percent leaf C, and percent leaf N. We also 
conducted separate PCA on the soil variables: percent soil moisture, in situ soil CO2 efflux rate, 
salinity, percent SOM, percent sand, soil NH4
+
, water NH4
+
, soil NO3
-
, water NO3
-
, net 
potentially mineralizable N, potentially mineralizable C, microbial C, microbial N, total organic 
C (TOC), soil extractable N, and in situ oxygen content. We ran a two-way ANOVA on the soil 
PC axis 1 and plant PC axis 1, using the aov function, to evaluate differences in the PC1 values 
between marsh zone and site.  
To investigate overall relationships among soil and plant variables, we conducted 
separate PCAs on six groups of related variables to generate six PC1 axes that we treated as 
composite variables (Table 1). The variables were grouped according to ecological similarity and 
relevance, for example we grouped plant height and leaf number into a composite variable called 
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“plant biomass”, and soil and water NH4
+
, soil and water NO3
-
, net potentially mineralizable N 
grouped into a “nitrogen cycling” variable. For a complete list of the composite variables and the 
measured variables used to generate them, see Table 1. We then conducted a path analysis of 
relationships among the PC1 axes of the six combined variables using the sem function of the 
lavaan package (Rosseel 2012). The path diagram of the hypothesized model is shown in Figure 
3. 
To further analyze relationships between specific plant and biogeochemical variables, we 
conducted separate path analyses on original measured variables. Specifically, we modeled 
carbon cycling variables (% SOM, % POM, microbial C, potentially mineralizable C) with the 
plant traits of stem height, leaf number, leaf C, and leaf C:N (Figure 4). We transformed 
mineralizable C, stem height, and microbial C by dividing by 10 to reduce variance. We then 
removed paths that were non-significant, meaning that the 90% confidence interval for the path 
coefficient included 0 (Lewis and Grimm 2007), and reanalyzed the model with only significant 
paths. We followed the same procedure for analyzing N cycling variables (soil and water NH4
+ 
, 
soil and water NO3
-
, soil organic N, net potentially mineralizable N) together with soil oxygen 
and stem height, leaf number, leaf N, and leaf C:N (Figure 5). Again, we transformed stem 
height, microbial C, and oxygen by dividing by 10. 
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Results 
Relationship of plant traits to marsh site and intertidal zone 
Overall, plant traits were significantly different between the low and high marsh zone but 
were generally not different between sites (Table 2). Stem height, leaf number, and leaf % C 
showed significant effects of marsh zone, while leaf % N and C:N showed a weak effect of site 
but not zone. Plants were taller, had a greater number of leaves, and higher % leaf C in the low 
intertidal zone, and the PCA showed clustering of these traits by zone (Figure 6). Leaf N had a 
weak effect of site, which was due to the Fort Johnson site overall having lower leaf N than the 
other two (Figure S1). In the plant traits PCA, PC1 explained 60.9% of the variance, and PC2 
explained 23.9% (Figure 6). Plant traits cluster by marsh zone, with the traits of leaf C, leaf 
number, and stem height loading most strongly on the PC1 axis and higher values of those traits 
corresponding with the low marsh zone (Figure 6). The plant phenotype analysis was also plotted 
by site (Figure 7), but there was no apparent clustering by site. We also found that snail density 
varied by site and zone, with no snails being found in the tall zone at any site, and the short zone 
plants at Fort Johnson having a higher density of snails than the other sites (Figure S2). 
Relationship of soil characteristics to marsh site and intertidal zone 
The majority of soil characteristics showed divergent patterns from plant traits, with most 
of the soil variables being significantly different by geographic site but not intertidal zone (Table 
2). Only three variables showed significant effects of both site and zone: porewater NO3
-
, net 
potentially mineralizable N, and in situ soil respiration rate, which were all higher in the low 
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marsh than the high marsh. Again, this was mostly driven by differences at the Fort Johnson site 
between the high and low marsh (Figure 8). The soil characteristics clustered strongly by site, 
and showed less of a pattern when plotted by zone (Figure 9), with no clear set of soil variables 
accounting for the separation observed. The Bowens Island site was high in % sand (Figure S3) 
and low in most of the other measured soil variables, particularly the measures of organic matter 
and soil moisture, while the Fort Johnson site showed the opposite trend. Folly Beach samples 
clustered in between the Fort Johnson and Bowens Island, with less extreme values of most of 
the soil variables compared with the other two sites (Figure 8). 
The ANOVA of the effects of site and zone on the plant PC1 axis showed significant 
main effects of site and zone, as well as the interaction (Table 3). Only the site main effect and 
the site:zone interaction significantly affected the soil PC1 axis. 
Explanatory relationships between soil and plant traits 
Overall path analysis of the six composite variables generated from PCA showed 
significant coefficients for most analyzed paths (Figure 10). The largest coefficient, and thus 
strongest relative effect, is the relationship between soil physical properties and reduced 
microbial community, followed by soil physical properties and decreased soil C pool. Plant 
biomass decreased the soil C pool, while plant tissue recalcitrance increased soil C and decreased 
the composite variable representing N cycling. 
In the path analysis conducted on C cycling variables, few of the hypothesized paths 
resulted in significant path coefficients (Figure 11), leading to a very reduced path model. The 
strongest relationship was between % SOM and % POM, followed by leaf C:N positively 
relating to microbial C.  
15 
 
As in the carbon path analysis, few of the hypothesized nitrogen cycling paths were 
significant (Figure 12). Soil organic N was most strongly related to soil ammonium, and the only 
plant trait that had a significant relationship to the N cycling measurements was a negative 
relationship between leaf N and soil organic N (Figure 12). Model fit indices for all three models 
(composite variables, C cycling, and N cycling) are shown in the supplemental Table S1. CFI 
and TLI of >0.9 indicates a good model fit, as does RMSEA of <0.08. 
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Discussion 
Soil conditions, such as nutrient availability and microbial community characteristics, 
play a role in structuring plant traits like height and leaf chemistry, and these traits may in turn 
regulate the mineralization and storage of C and N in the soil. Within this framework, we 
expected plant traits like height, leaf number, and leaf C:N to be positively related to measures of 
organic matter stored in the soil (SOM, POM, microbial C), and leaf C:N to be negatively related 
to measures of nutrient turnover like C and N mineralization. The results of this study support 
the predicted relationships that soil mineral N was positively correlated to plant height and leaf 
number, and leaf C:N was positively correlated to soil POM. However, when considered 
collectively the data generally show an apparent disparity between patterns of plant variation and 
soil characteristics, indicating a decoupling of plant phenotype from soil nutrient dynamics. 
Relationship of plant traits to marsh site and intertidal zone 
As expected, there were significant differences in plant traits between the high and low 
marsh zone. We visually determined marsh zones by plant height, with tall plants occupying the 
low marsh zone and short plants in the high zone, but other traits were also correlated to location 
in the intertidal zone including leaf number and leaf C (Table 2). Surprisingly, leaf N and C:N 
were significantly different by site but not by zone (Table 2), suggesting that tissue N content is 
not tied to the composite tall and short phenotypes identified by PCA. Additionally, leaf % N 
was significantly lower at Fort Johnson than the other sites, but only in short-form plants in the 
high marsh zone (Figure S1). The Fort Johnson high marsh had a significantly higher number of 
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snails per quadrat than either of the other sites (Figure S2), and marsh snails are capable of 
impacting S. alterniflora biomass through herbivory (Silliman and Bertness 2002). Perhaps 
reduced leaf N content is advantageous for plants at Fort Johnson due to herbivory pressure, as 
higher tissue N and lower C:N tends to be more attractive to herbivores (Pérez-Harguindeguy et 
al. 2003). 
Relationship of soil characteristics to marsh site and intertidal zone 
Soil and nutrient variables showed significant differences among sites for most of the 
measured variables, and few showed significant effects of zone (Table 2). This pattern is 
opposite from the plant traits which mostly differed by zone, and suggests a potential decoupling 
of variation in plant phenotype from local edaphic conditions. However, the exceptions were 
water NH4
+
, soil extractable NO3
-
, and microbial C:N which were different by zone and not site, 
and thus these three characteristics more closely align with patterns of variation in plant 
phenotype than with the other soil variables. The PCA of soil characteristics shows structuring 
by site along PC axis 1, strongly driven by soil texture (percent sand) and many of the soil 
variables that are negatively correlated with it, including SOM, microbial N, soil NH4
+
, and total 
extractable soil N (Figure 8). Each of the three marsh sites differ significantly in soil texture 
(Figure 13), with Bowens Island having almost double the proportion of sand to “fines” (clay and 
silt) as Fort Johnson. These differences may be due to the location of each site relative to tidal 
flow, and high sand content indicates higher flow velocity at Bowens Island which would erode 
the finer clay particles and leave behind larger sand grains (Beauchard et al. 2014). 
Within the soil characteristics that are explained by site but not zone, soil moisture and 
SOM are significantly negatively correlated with percent sand (r = -0.841 and r = -0.864 
respectively). This relationship was expected because more clay particles result in a greater soil 
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water-holding capacity, as well as accumulation and storage of SOM due to ionic binding of clay 
particles with SOM particles (Chapin et al. 2012). This interaction of SOM and soil texture can 
result in reduced decomposition rates as the SOM particles are effectively “shielded” from 
decomposer organisms by binding with the clay. Soil NH4
+
 is also negatively related to percent 
sand, which is opposite the trend that has been found in other studies of soil texture and mineral 
N content (Silver et al. 2000). This may be because percent sand is also significantly negatively 
correlated with soil organic N and microbial biomass (r = -0.645 and r = -0.653 respectively), 
which are both important components of N mineralization. Organic N is required as the form of 
N to be mineralized into NH4
+
, and soil microbes consume the organic matter and mineralize the 
organic N, therefore the formation of NH4
+ 
in the soil is likely inhibited by the reduction in 
organic matter and soil moisture that accompanies soils high in sand, as is the case in the Bowens 
Island site. 
Despite soil differences among sites, plant traits were more influenced by zone, and 
biogeochemical variables were structured more by site (Table 3). One of the soil exceptions, 
microbial C:N, was unusual because both microbial C and N separately were significantly 
different by site, but the ratio is only different by zone and not site. Microbial C:N has been 
negatively correlated with net N mineralization (Friedel and Gabel 2001), and we do see a 
negative correlation between microbial C:N and net potentially mineralizable N (r = -0.3198), 
but there was no correlation with any leaf chemistry variables in spite of the significant effect of 
zone on microbial C:N (Table 2). While we expected tight relationships between plants and soils, 
the lack of correlations suggests that they are instead responding to different drivers and are not 
as closely interrelated as predicted. 
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Explanatory relationships between soil and plant traits 
The path analysis of the composite variables indicates that plant morphology and leaf 
chemistry are correlated to variation in the soil carbon pool (Figure 10), as defined by SOM, 
POM, TOC, potentially mineralizable C, and in situ soil respiration rate. We found taller plants 
with more leaves and lower leaf C:N in soils that have higher amounts of potentially 
mineralizable soil C, but less total organic matter, organic C content, and lower in situ soil 
respiration rate (Table 1). The negative correlation between leaf C:N and mineralizable C does 
support the hypothesis that plant tissue C:N will negatively relate to C mineralization because 
litter with a high C:N tends to reduce decomposition rates (Taylor et al. 1989). While our results 
indicate that plant tissue chemistry may be influencing potentially mineralizable C in the soil, 
leaf C:N was not directly related to mineralizable C in the C cycling path model (Figure 11). 
This lack of direct relationship may mean that in conjunction with total leaf C, plant chemistry 
can affect the decomposability of soil organic matter, but that C:N alone is not a strong driver. 
Also, the plant tissue recalcitrance composite variable was positively correlated to in situ soil 
respiration rate, meaning that soils with higher actual CO2 efflux supported plants with high leaf 
C:N, contrary to what would be expected given that high litter C:N typically reduces 
decomposition rate.  
Similarly, we expected to find plants with greater biomass in soils with higher organic 
matter, since plants are a source of organic material to the soil. However the relationship proved 
to be in the opposite direction from what was predicted, both for plant biomass and leaf 
chemistry traits, which suggests that the majority of organic inputs to salt marsh soils may not be 
from local S. alterniflora but instead might be from algal sources (Boschker et al. 1999), or 
tidally imported organic matter (Zhou et al. 2006). Substantial organic matter inputs from 
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sources other than local S. alterniflora would weaken the relationship between plant biomass and 
biogeochemical processes as outside forces, like tidal flow, may be important drivers of nutrient 
dynamics that overwhelm effects of the organic matter inputs of local macrophyte populations. 
We also found a negative effect of plant tissue recalcitrance on N cycling. Higher leaf C 
and C:N correspond with lower net potentially mineralizable N and soil mineral N, which 
suggests a positive effect of leaf N content on the amount of mineralizable N in the soil as we 
expected (Figure 10). However, in the path analysis on just the N cycling variables, there was a 
negative effect of leaf N on soluble organic N which might indicate that while S. alterniflora 
plant matter may not be the main contributor of total organic matter to the soil as mentioned 
previously, plants with higher tissue N content may supply more easily mineralizable organic N 
to the soil (Figure 12), which would be quickly mineralized by soil microbes and result in a 
smaller standing organic N pool. We did find correlations between NO3
-
 and leaf number which 
supports the hypothesis that soil mineral N is positively correlated with measures of plant 
biomass (Table S2). However, there were no significant correlations between any measure of 
mineral nitrogen and plant height, suggesting that the relationship between mineral N and plant 
biomass is not as straightforward as expected. 
Missing expected relationships 
Surprisingly, potentially mineralizable C and in situ soil respiration rate were not 
positively correlated. This was unexpected, as potentially mineralizable C measures the amount 
of organic matter that is easily mineralized into CO2, while in situ respiration rate is the amount 
of CO2 actually being generated in field conditions. This lack of correlation indicates that field 
conditions likely prevented most of the potentially mineralizable organic matter from actually 
being mineralized. There was also only a weak covariance between microbial biomass and in situ 
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soil respiration, which suggests that the size of the microbial community is not necessarily a 
strong driver of actual C turnover in this system. It is also possible that the microbial community 
present in the field is not capable of accessing some of the mineralizable C, while the community 
present in the lab incubation could more easily decompose the organic matter present. 
Interestingly, leaf C:N was not directly related to potentially mineralizable N (Figure 12), 
which is opposite to the expectation developed from classic studies (e.g. Melillo et al. 1982) and 
Enriquez et al. (1993), where plant tissue C:N strongly influence decomposition rate. There 
could be several explanations for why this correlation was missing in our data. First, S. 
alterniflora leaf tissue may not make up a significant proportion of the total organic matter in the 
soil, thus any effect of the chemical composition of the leaves on decomposition may be masked 
by other influences, as discussed previously. Alternatively, this lack of relationship could also be 
an artefact of the lab incubation method, as the soil microbes may have incorporated the organic 
N into biomass rather than mineralizing it into soil ammonium or nitrate, thus reducing the 
amount of mineralized N available to be measured. 
One other surprising finding was the lack of relationship between soil extractable NH4
+
 
and porewater NH4
+
. Water NH4
+
, along with soil and porewater NO3
-
, was one of the few 
nutrient variables that was influenced more by intertidal zone than by site (Table 2). Soil NO3
-
 
had a significantly negative correlation with porewater NH4
+
 (r = -0.343), but not with soil NH4
+
. 
In fact, soil NH4
+
 and water NH4
+
 measurements were not significantly correlated to each other, 
and thus are seemingly being driven by different forces. Soil NH4
+
 dynamics are likely 
responding to the availability of mineralizable organic N which is tied to site, as discussed 
above, while water NH4
+
 concentrations may be a result of nitrification of NH4
+
 into NO3
-
 as 
evidenced by the negative relationship between them. Also, the very low concentrations of NO3
- 
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in the high marsh is consistent with the idea that short-form S. alterniflora are N limited 
(Gallagher 1975), which may explain the significant effect of marsh zone on soil and water NO3
-
. 
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Conclusion 
 We found mixed support for the hypothesized reciprocal relationships between plant 
functional trait variation and ecosystem processes. We did not find strong support for many of 
the expected correlations, including plant biomass with SOM and soil mineral N, and leaf C:N 
with net potentially mineralizable N and soil respiration rate, which may signify that the links 
between plant traits and nutrient dynamics in this system are weakened or hidden by stronger 
drivers. On the other hand, leaf N was positively correlated with net potentially mineralizable 
soil N and soil mineral N content, which supports a hypothesized effect of plant chemistry on 
nutrient cycling. Additionally, PCA showed that plant traits cluster by marsh zone while most 
soil characteristics group according to site (except water NH4
+
, soil extractable NO3
-
, and 
microbial C:N), which further highlights the separation of plant phenotype from most of the local 
soil biogeochemistry. While these results largely do not lend strong support to hypothesis that 
plant functional traits are important mediators of ecosystem-level cycling and storage of C and 
N, there are some detectable relationships between plant phenotype and nutrient dynamics, but 
suggest that other drivers, for example tidal inundation, may overwhelm the measureable effects 
that plant traits may have on nutrient dynamics. 
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Figure 1: Proposed relationships and feedbacks. Proposed feedbacks among plant phenotype, soil characteristics, 
and environmental drivers in salt marsh biogeochemical processes. 
 
Figure 2: Map of sampling sites. Salt marsh sample locations near Charleston, SC. Made using Google My Maps.
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Figure 3: Hypothesized path model for composite variables. Tested path analysis model of relationships between 
grouped plant and soil variables. 
 
Figure 4: Hypothesized path model for carbon cycling. Tested path analysis model fitted with original variables, 
and transformed mineralizable C, stem height, and microbial C to reduce variance. 
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Figure 5: Hypothesized path model for nitrogen cycling. Tested path analysis model fitted with original variables, 
and stem height, microbial C, and oxygen transformed to standardize variance.
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Table 1: Principal component 1 composite variables used for path analysis, the measured variables used to generate them, and the direction, strength, and 
significance level of the correlations of each variable to the PC1 axis used to generate it.  
Composite variable (PC1 axis) Variables used to generate  Correlation to PC1 Axis % variance explained by PC1 
Plant tissue recalcitrance Leaf C 0.719*** 51.6% 
Leaf C:N 0.719***  
Plant biomass Stem height 0.925*** 85.6% 
Leaf number per stem 0.925***  
Soil particle size & Salinity % Sand 0.905*** 51.8% 
% Moisture -0.940***  
Oxygen 0.204  
Salinity 0.571***  
Nitrogen cycling Soil NH4
+ 0.471*** 44.9% 
Water NH4
+ -0.550***  
Soil NO3
- 0.816***  
Water NO3
- 0.619***  
Net potentially mineralizable N 0.819***  
Decreased C pool  % SOM -0.891*** 49.1% 
% POM -0.799***  
TOC -0.651***  
Potentially mineralizable C 0.383**  
in situ soil respiration rate -0.673***  
Reduced microbial community Microbial C -0.919*** 82.8% 
Microbial N -0.919***  
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Table 2: Effects of zone and site on plant and soil variables, determined by Mann-Whitney-Wilcoxon and Kruskal-
Wallis tests. Stars indicate significance (* P < 0.05; ** P < 0.01; *** P < 0.001), and n.s. indicates non-significant 
results at α = 0.05. 
Measured variable Effect of zone (p-value) Effect of site (p-value) 
Stem height <0.001*** n.s. 
Leaf number <0.001*** n.s. 
Leaf C:N n.s. 0.002** 
Leaf C <0.001*** n.s. 
Leaf N n.s. 0.003** 
% Sand n.s. <0.001*** 
% Moisture n.s. <0.001*** 
% SOM n.s. <0.001*** 
% POM n.s. <0.001*** 
Soil NH4
+ n.s. <0.001*** 
Water NH4
+ 0.0467* n.s. 
Soil NO3
- 0.0417* n.s. 
Water NO3
- <0.001*** 0.0274* 
TOC n.s. <0.001*** 
SON n.s. <0.001*** 
Extractable N n.s. <0.001*** 
Potentially mineralizable C n.s. 0.0140* 
Net potentially mineralizable N 0.0131* 0.0035** 
Microbial C n.s. <0.001*** 
Microbial N n.s. <0.001*** 
Microbial C:N <0.001*** n.s. 
In situ soil respiration rate <0.005** 0.0170* 
In situ soil oxygen content n.s. n.s. 
 
Table 3: ANOVA of plant PC1 and soil PC1. Degrees of freedom, mean squares, and F statistics with significance 
are presented. 
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Figure 6: PCA of plant traits by marsh zone. Each point represents a sample, the lines show the magnitude and 
direction of the variables projected on the principal component axes, and the ovals show normal probability ellipses. 
 
Figure 7: PCA of plant traits by marsh site. Each point represents a sample, the lines show the magnitude and 
direction of the variables projected on the principal component axes, and the ovals show normal probability ellipses. 
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Figure 8: PCA of soil characteristics by marsh site. Each point represents a sample, and the lines show the 
magnitude and direction of the variables projected on the principal component axes. The colors represent each of the 
three sites (BI = Bowens Island, FB = Folly Beach, FJ = Fort Johnson). 
 
Figure 9: PCA of soil characteristics by marsh zone. Each point represents a sample, the lines show the magnitude 
and direction of the variables projected on the principal component axes, and the ovals show normal probability 
ellipses. 
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Figure 10: Composite variable path analysis results. Including only significant paths, line color indicates direction 
of the relationship (green indicates positive, red is negative), line weight visually represents the relative strength of 
the relationships, and numbers show standardized path coefficients for each path. 
 
Figure 11: Carbon cycling path analysis results. Including only significant paths, line color indicates direction of the 
relationship (green indicates positive, red is negative), line weight visually represents the relative strength of the 
relationships, and numbers show standardized path coefficients for each path. 
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Figure 12: Nitrogen cycling path analysis results. Including only significant coefficients, line color indicates 
direction of the relationship (green indicates positive, red is negative), line weight visually represents the relative 
strength of the relationships, and numbers show standardized path coefficients for each path.  
 
Figure 13: Soil texture by site. Each site is significantly different from the others in % sand, with BI having almost 
twice as high of a sand/clay proportion as FJ. 
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Table S1: Model fit indices for path analyses. 
Path Analysis Model Fit Indices Comparative Fit 
Index (CFI) 
Tucker-Lewis 
Index 
RMSEA 
Composite variable model 0.821 0.571 0.330 
Carbon cycling model 0.757 0.416 0.377 
Nitrogen cycling model 0.855 0.739 0.201 
 
 
Figure S1: Leaf % N by tall-form and short-form S. alterniflora. Fort Johnson high marsh zone is significantly 
different from the other sites in leaf %N. 
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Figure S2: Snail density in the high marsh at each site. No snails were found in the low marsh zone at any site. 
 
Table S2: Soil mineral N Pearson correlations with plant traits. Stars indicate significance, with *** ≤0.001, ** ≤ 0.
01, * ≤ 0.05. 
Variables  Correlation P-value 
Water NO3
-
  Plant height 
Leaf number 
0.243 
0.411*** 
0.062 
0.001 
Soil NO3
-
  Plant height 
Leaf number 
0.110 
0.341** 
0.403 
0.008 
Water NH4
+
  Plant height 
Leaf number 
-0.215 
-0.117 
0.099 
0.375 
Soil NH4
+
 Plant height 
Leaf number 
-0.048 
0.135 
0.715 
0.303 
 
